Reproductive hormone levels are highly variable among premenopausal women during the menstrual cycle. Accurate timing of hormone measurement is essential, especially when investigating day-or phase-specific effects. The BioCycle Study used daily urine home fertility monitors to help detect the luteinising hormone (LH) surge in order to schedule visits with biologically relevant windows of hormonal variability. However, as the LH surge is brief and cycles vary in length, relevant hormonal changes may not align with scheduled visits even when fertility monitors are used. Using monitor data, measurements were reclassified according to biological phase of the menstrual cycle to more accurate cycle phase categories. Longitudinal multiple imputation methods were applied after reclassification if no visit occurred during a given menstrual cycle phase. Reclassified cycles had more clearly defined hormonal profiles, with higher mean peak hormones (up to 141%) and reduced variability (up to 71%). We demonstrate the importance of realigning visits to biologically relevant windows when assessing phase-or dayspecific effects and the feasibility of applying longitudinal multiple imputation methods. Our method has applications in settings where missing data may occur over time, where daily blood sampling for hormonal measurements is not feasible, and in other areas where timing is essential.
Introduction
Reproductive hormones are highly variable among premenopausal women, reflecting the dynamic biological processes underlying the menstrual cycle. Timing sample collection to biologically relevant windows is critical for estimating day-or phase-specific effects in premenopausal women where hormone levels vary across cycle phases, and exposures may influence these processes differently across phases of the cycle. Identifying and capturing these biologically relevant windows represents a major challenge in reproductive epidemiology. 1 To date, researchers have used a variety of sampling approaches in an attempt to time measurement of hormone levels. The gold standard approach involves daily collection and storage of first-morning urine specimens; however, in large cohorts, daily sample collection entails substantial cost and high participant burden, which can influence participation and lead to missing data because of non-compliance and dropout. As an alternative approach for epidemiological studies, biospecimen collection and storage occurs at a handful of carefully timed clinic visits scheduled to occur at key times of hormonal variability, minimising participant burden. One of the most common approaches is to schedule biospecimen collection based on a standard 28-day cycle. 1 However, because of the considerable variability in menstrual cycle length (even within a woman), the use of a 28-day calendar to time visits often leads to misclassification of cycle phases. 2, 3 Recently, studies have attempted to better standardise visits across the menstrual cycle by using predictors of ovulation, [4] [5] [6] [7] a transition that divides the menstrual cycle into follicular and luteal phases. 8 Fertility monitors provide a non-invasive approach to predict ovulation with minimal participant burden using daily morning urine. 3 Monitors measure oestrone-3-glucuronide and luteinising hormone (LH) in urine and detect rises in oestrone-3-glucuronide and the LH surge, which occurs approximately 24-36 h prior to ovulation. 8 When ovulation is correctly identified, measurements taken before and after ovulation can be correctly classified as occurring during the follicular or luteal phases, respectively. However, the LH surge that precedes ovulation is short-lived and therefore not easily detected if test days are skipped. When timing of ovulation is not correctly identified, midcycle visits may not be scheduled at the appropriate time, leading to misclassification of the cycle phase for some visits. Even in cases where the LH surge is identified, if women do not have a clinic visit that same day or the following day, data could be influenced by misclassification of the cycle phase. Thus, although fertility monitors greatly improve cycle phase classification, misclassification may occur.
Information on hormone levels may be used to correct for this misclassification by realigning the data. Realignment of clinic visits ensures that hormonal measurements are classified to the correct menstrual cycle phase and is critical when researchers intend to make phase-specific or acute comparisons of hormones. A complication of this approach for realignment of cycle visits is the missing data that occurs when data are reclassified to the correct cycle phase. In theory, multiple imputation methods may be used to estimate hormone levels on missing cycle visits to alleviate missing data problems that result from realignment; however, this has yet to be demonstrated in practice.
In this paper, we consider realignment of longitudinal hormonal data to the correct cycle phase in the BioCycle Study. We describe use of data from fertility monitors and serum hormone levels at each visit to inform realignment, so clinic visit data are correctly classified by menstrual cycle phase. We also evaluate the effectiveness of multiple imputation to account for missing data generated by the realignment process. Lastly, we demonstrate the impact of realigning menstrual cycle visits on estimation of day-and phasespecific effects in the context of the association between daily fibre intake and reproductive hormone levels among premenopausal women.
Methods

The BioCycle Study
The BioCycle Study was a prospective cohort study which recruited 259 healthy, premenopausal female volunteers, aged 18 to 44 years from western New York between 2005-07, and followed them for one (n = 9) or two (n = 250) cycles. 9 Inclusion and exclusion criteria for BioCycle are described elsewhere in detail. 10 Briefly, women with a self-reported cycle length between 21 and 35 days during the past 6 months and without conditions that might affect menstrual cycle function were eligible. Study participants were highly compliant; the number of visits ranged from five to eight per cycle, with more than 93% completing seven or eight visits per cycles. The University at Buffalo Health Sciences Institutional Review Board (IRB) approved the study and served as the IRB designated by the National Institutes of Health for this study under a reliance agreement. All participants provided written informed consent.
Fertility monitors
Study visits were originally scheduled to occur during specific phases of the menstrual cycle using an algorithm accounting for each woman's self-reported cycle length (Table 1) , with the day of the mid-cycle visits adjusted based on fertility monitor data. Visits were scheduled to correspond to menstruation (visit 1), the mid follicular phase (visit 2), three visits during the periovulatory phase (visits 3, 4 and 5, with visit 4 corresponding to the LH surge), and the early (visit 6), mid (visit 7) and late luteal phases (visit 8). Fertility monitors (Clearblue Easy™ Fertility Monitor, Inverness Medical, Waltham, MA, USA) measured oestrone-3-glucuronide and LH in urine, starting on calendar day 6 after menses and continuing for 10-20 days, depending on whether the woman reached peak levels on the monitor. 3 The monitor determines 'peak fertility' on the basis of predetermined cut-points during the first cycle, but in subsequent cycles adjusts the cut-point criteria according to the woman's specific hormone levels. Monitor indications of low, high and peak fertility were used to time mid-cycle visits. If the monitor indicated 'peak fertility' on a day without a scheduled visit, the women were asked to come in that morning and the following two mornings. The remaining visits were scheduled based on the algorithm described in Table 1 adjusting for self-reported cycle length. Monitors were adapted to capture data on a computer chip which was downloaded for use in this study. Eighty-four per cent of women had complete fertility monitor data for both cycles, and among the ovulatory women in the study who reached 'peak fertility' on the monitor, we observed that serum and urine LH peaks occurred within one calendar day in 81% of cycles.
Hormone assessment
Oestradiol, progesterone, LH and follicle-stimulating hormone (FSH) were measured in fasting serum samples collected at each clinic visit at Kaleida Health Laboratories (Buffalo, NY, USA). Oestradiol was measured by radioimmunoassay, and progesterone, LH and FSH were measured using solid phase competitive chemiluminescent enzymatic immunoassay by Specialty Laboratories, Inc. (Valencia, CA, USA) on the DPC Immulite®2000 analyser (Siemens Medical Solutions Diagnostics, Deerfield, IL, USA). Across the study period, the coefficient of variation for these tests reported by the laboratory were <10% for oestradiol, <5% for LH and FSH, and <14% for progesterone. Anovulatory cycles (defined as cycles with progesterone levels ≤5 ng/mL, and no observed serum LH peak during the mid-or late luteal phase visits, n = 42) were excluded from this analysis, as their hormonal profiles are distinctly different and timing of data collection does not play a role as there is no hormonal variability. 11
Assessment of phase misclassification
Despite the use of fertility monitors to time mid-cycle visits and the high compliance with the study protocol, post hoc evaluation of LH levels revealed peak levels in samples collected at each of the eight visits for one or more of the cycles, suggesting that some visits were not correctly timed according to cycle phase. The LH surge was correctly captured on cycle visit 4 (corresponding to the LH surge during the periovulatory period), in 27.7% of visits in cycle 1, and 32.8% of visits in cycle 2 ( Table 2 ). The majority of misclassified peak LH values occurred between visits 3 and 5, 78% and 83% for cycles 1 and 2, respectively. Misclassification could be due to several factors. In some cases, women had low peak serum LH values, despite reporting to the clinic on the assigned day based on her monitor indications. Alternatively, in some women the LH surge was not captured on the monitor because of missed tests or long cycle length and thus clinic visits were not timed appropriately. It is unlikely that in these cases the serum LH measurement was picking up hCG (human chorionic gonadotropin), as each of the women had a negative pregnancy test at baseline and at the end of each cycle. Lastly, upon review of both monitor and serum data, there was no evidence that women had multiple LH surges throughout the cycle.
Realignment algorithm
To ensure that women were compared during the same cycle phases (e.g. standardised to the same biological time scale) and to decrease misclassification, we realigned cycle visits to the appropriate menstrual cycle phase based on urinary data from fertility monitors and serum hormone levels from clinic visits. Visits were realigned to occur during eight specific cycle phases: menstruation (M), mid follicular (F1), periovulatory (O1, O2, O3), and early (L1), mid (L2) and late luteal phase (L3). Table 3 summarises the algorithm used to realign menstrual cycle visit data, and Figure 1 provides a graphical description of the algorithm for realigning cycles with an observed LH peak on visit 6. For correctly timed visits (i.e. where the LH peak occurred on visit 4, corresponding to the LH surge on the monitor and phase O2), values were not changed. For mistimed visits, the algorithm reclassified the visit with the LH peak to phase O2, and reclassified the remaining visits accordingly. For example, after a review of the data, if the LH peak was observed on visit 3 rather than visit 4, then data for visit 3 were manually reclassified as visit 4 (phase O2), and data for visit 3 were considered to be missing. No changes were made to the luteal phase visits (i.e. visits 5-8) when the LH peak was misclassified by only one clinic visit. To reduce variability, data from adjacent visits were averaged to estimate hormone levels on certain visits when the amount of time between visits was minimal. Among cycles with late LH peaks (visits 6-8), visits were realigned in a similar manner by reclassifying the LH peak to phase O2, and then reclassifying the remaining visits as outlined in Table 3 and displayed in Figure 1 .
The algorithm described is inadequate for classifying cycle phases when the LH peak was not captured in serum. As such, all cycles with an observed peak LH level <20 ng/mL or a peak LH in the early follicular phase (visit 1 or 2) were evaluated on a case-by-case basis. These clinic visits were realigned based on urinary data from the fertility monitor, calendar dates of cycle visits, serum hormone levels at each visit and menses information (see Figure  2 for details).
Multiple imputation
Although there was excellent compliance with the study protocol, realignment induced phase-specific missing data on multiple clinic visits for a large percentage of the women in this study. Multiple imputation was used to address the missing data problems generated from reclassifying cycle visits, as they provide a useful strategy for dealing with incomplete multivariate data. 12, 13 Briefly, multiple imputation makes use of available distributional and covariate information to inform imputation for each missing value. Multiple datasets are created, as each missing value is replaced with a set of random plausible values conditional on known covariates and known distributional information. Analysis is completed on each imputed dataset and then results are combined taking into account the uncertainty of the imputation to ensure valid statistical inference. Techniques for multiple imputation have been described in detail elsewhere, [12] [13] [14] [15] [16] and have been successfully applied to menstrual cycle data. 17 These procedures assume that data are missing at random (MAR) or that missing data depend on observed covariates but not on the unobserved data. Although untestable, the MAR assumption is reasonable in the current setting, as information on hormone levels is available from visits before and after the missing values, as well as information from other hormones which are highly correlated and biologically informative because of the complex feedback mechanisms which regulate the menstrual cycle. 8 The multivariate imputation by chained equations (MICE) package for R was applied to create 10 datasets, imputing values for oestradiol, progesterone, LH and FSH missing due to the realignment algorithm. Data were assumed to be MAR after conditioning upon age, race, body mass index and adjacent hormone measurements.
Application: fibre and reproductive hormones
We will demonstrate an application of the realignment algorithm and multiple imputation to evaluate relationships between fibre intake and hormone levels in the BioCycle Study. Highfibre diets are recommended because of their association with reduced risk of chronic disease. 18, 19 However, research of the effect of fibre intake on endogenous reproductive hormone levels in younger women is limited, even though it is of particular interest given the effect of these hormones on conception and pregnancy maintenance. 20, 21 Here we extend a previous analysis of the effect of fibre on hormone levels 11 by using the realigned data and multiple imputation to evaluate the impact of realignment on estimation of day-and phase-specific effects of fibre intake on hormone levels.
Statistical analysis
To demonstrate the impact of the realignment, the mean and variance of hormone levels at each clinic visit were compared before realignment, after realignment without multiple imputation, and after realignment with multiple imputation. Hormones were log transformed for normality and geometric means are presented for comparison. Dietary intake was assessed four times per cycle using a 24-h dietary recall and averaged across each cycle (Nutrition Data System for Research software version 2005, Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN, USA). Linear mixed effects models with random intercepts on the log scale of the hormones were used to evaluate the association between hormone concentrations and average fibre intake per cycle (in 5 g/day increments). Models were adjusted for age, race, energy intake and vitamin E, for consistency with previous work. 11 We compared estimation of day-and phase-specific effects of fibre intake on hormone levels both before and after realignment and imputation. Specifically, we compared the effect of fibre intake on LH and FSH levels during the LH surge (phase O2) and around ovulation (phases O1, O2, O3), and the effect on progesterone throughout the cycle vs. the luteal phase (phases L1, L2, L3). All statistical analyses took multiple cycles per woman and multiple imputation into account and were carried out using SAS version 9.1 (SAS Institute, Cary, NC, USA).
Results
Realignment algorithm
Of 509 total cycles observed in the BioCycle Study, 467 were ovulatory and were considered in our analyses. Of the ovulatory cycles, 328 (70%) were realigned so that the peak LH occurred on the LH surge visit (phase O2). Of those that were realigned, 267 (81.4%) were realigned according to the algorithm in Table 3 and 61 (18.6%) were realigned on a case-by-case basis. Most of the realignment required only minor adjustments as the LH peak occurred on visit 3 or 5 (42%). Under the original data structure, data were missing for 173 hormone measurements from 141 cycles (4072 total visits). Under the realigned data structure, data were missing for 735 hormone measurements from 328 cycles (thus, 562 missing hormone measurements were due to realignment).
Realigned cycles had higher mean peak hormone values and reduced visit-specific variability (Table 4 ) throughout the cycle, as compared with the original data. Realignment resulted in a more clearly defined hormonal profile (Figure 3) . The largest geometric mean changes were observed on visit 4, intended to capture the LH surge (phase O2); specifically, mean LH increased by 141%, oestradiol increased by 50% and FSH increased by 52%. Luteal phase progesterone (visit 7) increased by 34%. Greater change in mean peak values occurred in cycle 1 than 2 (data not shown). The variance of log hormone levels was reduced after realignment at each clinic visit. After realignment, variances of LH, FSH, oestradiol and progesterone decreased by up to 62%, 48%, 43% and 71%, respectively.
Results were similar after multiple imputation, with the additional impact of imputation being small in relation to the impact after realignment.
Application: fibre and reproductive hormones
We observed significant inverse ovulation phase-specific associations (phases O1, O2, O3) between fibre intake and LH levels both before and after realignment, although the realigned and imputed data showed improved precision (Table 5 ). When we evaluated the association on the day of the LH surge (phase O2), we observed even stronger associations with fibre intake, in particular using the realigned and imputed data. We observed significant day-and phase-specific associations between fibre intake and FSH only when using the realigned and imputed data, which is most likely to be a consequence of improved precision following realignment. Further, luteal phase-specific associations between fibre intake and progesterone were stronger than associations across the cycle, with smaller standard errors observed after realigning the cycle visits and applying multiple imputation. Associations between fibre and oestrogen across the cycle were similar using each of the three models.
Discussion
Timing sample collection to biologically relevant windows is critical for estimating day-or phase-specific effects, and represents a major challenge in epidemiology. We demonstrated improved cycle phase classification by realigning longitudinal data from a menstrual cycle study, with multiple imputation to account for missing data generated by the realignment process. Reclassified cycles had more clearly defined hormonal profiles, with higher mean peak reproductive hormone levels and reduced variability throughout the cycle, leading to more precise estimation of day-and phase-specific effects. We applied our methodology to evaluate the association between fibre intake and reproductive hormone levels as previous research has been inconsistent. While an association between oestradiol levels and fibre intake is established, 11, [22] [23] [24] [25] [26] [27] the association between fibre intake and LH levels has only been evaluated in three previous studies, 11, 22, 28 with only one study observing a significant inverse association. 11 Issues of timing of hormone measurement to appropriate menstrual cycle phase may have influenced the results of these studies, highlighting the importance of timing when assessing phase-specific effects.
To capture biologically relevant windows when studying factors affecting menstrual cycle function, techniques to standardise sample collection should utilise ovulation predictors. Nevertheless, studies with well-timed measurements and high compliance remain subject to phase misclassification, and even studies with daily biospecimen collection are subject to missing data. The strategies we describe include realignment for phase classification and estimation of day-and phase-specific effects and multiple imputation to address missing data problems. Multiple imputation provides an alternative to procedures that require complete case analysis and has the advantage over simple imputation in that it takes the uncertainty of the imputation into account, thus avoiding variance inflation and invalid inferences. Hormone levels are strongly associated with age, race, body mass index and hormone levels from previous and subsequent clinic visits, which make multiple imputation particularly well suited in this context. 1, 8 Multiple imputation is limited to situations where missing data can be assumed to be MAR. Missing data generated by the realignment process can be assumed to be MAR as realignment was based on availability of fertility monitor data to time visits, and hormone data from adjacent visits were used to inform the imputation. Missing test days on the monitor can be considered to occur at random; it is unlikely that a woman's ovulation status would influence her likelihood of testing. In the current setting, we also assume that the phase relationships are similar between women with predictable cycles and women with more erratic cycles. However, in cases where the missing data generated from realignment are not MAR, information on additional covariates may be needed to meet the MAR assumption. If additional information is not available, other techniques will be necessary. Furthermore, the proposed realignment method is best suited to settings where more frequent measurements or multiple sources of data are available to inform realignment.
The proposed realignment and multiple imputation approach has potential applications in other settings where phase-specific effects are of interest. For example, one might apply these techniques to the study of fetal growth, adolescent development, infectious disease, progression of HIV or other scenarios where exposure effects may vary by phase and timing is important. These are settings where timing of measurement may be based on set calendar times out of necessity or convenience, rather than times of relevant biological changes, which could potentially affect estimation of phase-specific effects. Generally, application could extend to any other settings where there is knowledge of the underlying biological process to inform realignment and sufficient data to properly inform imputation.
In conclusion, our results demonstrate the importance of timing biospecimen collection to biologically relevant windows when assessing day-and phase-specific effects. Even in studies that utilise fertility monitors to time sample collection, misclassification of cycle phase is possible. Realignment of longitudinal menstrual cycle data improves phase classification, and multiple imputation can account for missing data generated by the realignment process. Realigning menstrual cycle data may allow researchers to observe more precise day-and phase-specific effects because of the decrease in variability and misclassification. Our realignment method has applications beyond the scope of menstrual cycle function and may be used in other research settings where timing is essential. Example of algorithm for realignment of menstrual cycle visits when the observed luteinising hormone (LH) peak occurs on visit 6; 'x' represents missing data. Visits 1 through 8 correspond to the original data collected. Data were realigned based on the algorithm in Table 3 to correspond to specific menstrual cycle phases: menstruation (M), mid follicular (F1), LH surge (O2), early luteal (L1) and mid luteal (L2). If no data were available during a cycle phase, then the value was set to missing ('x'). Example of steps used to individually realign cycles with low luteinising hormone (LH) peak levels (n = 61 cycles realigned individually). Hormonal profiles across the menstrual cycle before and after realignment among women in the BioCycle Study (n = 259), Buffalo, NY, USA, 2005-07. Data were realigned to correspond to specific menstrual cycle phases: menstruation (M), mid follicular (F1), periovulatory (O1, O2, O3), and early luteal (L1), mid luteal (L2) and late luteal (L3). 
Missing
Missing n, number of cycles. a 61 cycles which lacked a serum LH surge (due to mistimed visits) were shifted individually and 42 anovulatory cycles were not shifted. b 'Missing' indicates that after realignment there was no serum collection (visit) during that phase of the cycle such that the reclassified visit was set to missing.
c If we assume a standard 28-day cycle, the standardised cycle phases would correspond to approximately days 2, 7, 12, 13, 14, 18, 22 and 27, respectively. Alternatively, these visits could be referenced from the day of the LH surge of a 28-day cycle as: onset of menses until day −8 relative to the LH surge, day −7 to −2, day −1, day 0, day +1, day +2 to day +7, day +8 to day +11, day +12 to end of cycle.
Table 4
Comparison of geometric mean (variance) of serum hormone concentrations before and after application of the realignment algorithm in the BioCycle Day-and phase-specific associations a between total dietary fibre intake (per 5 g/day increase) and log serum hormone concentrations among women in a All models are adjusted for energy intake, race (White, Black and other), age and vitamin E. b Data were realigned to correspond to specific menstrual cycle phases: periovulatory (O1, O2, O3), and early luteal (L1), mid luteal (L2) and late luteal (L3).
b, regression coefficient; CI, confidence interval; FSH, follicle-stimulating hormone; LH, luteinising hormone; MI, multiple imputation; SE, standard error.
